Implications of Electroweak Precision Tests*"*" 



in 

On 
On 

X> 
IX, 



> 
m 
O 

(N 
(N 
O 

in 

On 

Oh: 
a: 



X 



Dieter Schildknecht 
Fakultat fur Physik, Universitat Bielefeld 
Postfach 10 01 31, D-33501 Bielefeld, Germany 



"Invited Talk presented at the First Arctic Workshop on Particle Physics, Saariselkae, August 1994 and at 
the Workshop on Elementary Particles and Quantum Field Theory, Moscow, September 1994 

^ Supported by Bundesministerium fur Forschung und Technologie (BMFT), Germany 



" In any event, it is always a good idea to try to see how much or how 
little of our theoretical knowledge actually goes into the analysis of those 
situations which have been experimentally checked." 

R.P. Feynman [ || 

The spirit of this talk is best charcterized by the above quotation. 



Tree-level Predictions 

In this spirit, let us look at the implications of electroweak precision data from LEP and 
the W ± mass. The quality of these data is best appreciated by starting from the tree-level 
predictions. From the input of 

a(O)- 1 = 137.0359895(61) 

= 1.16639(2) • l(T 5 GeV- 2 
M z = 91.1899 ±0.0044GeV 

one may predict the partial width of the Z° for decay into leptons, 1^, the weak mixing angle, 
Syy, and the mass ratio, M w ±/M z . A comparison of these data with the tree-level predictions 
shows that the simple a(0) tree-level prediction fails by several standard deviations. The a(0) 
tree-level prediction yields, 

s 2 w (th) = 0.2121, 
Vi(th) = 84.85 MeV, 

Mw±{tk) = 0.8876, 
M z 

which is to be compared with the experimental data [ ||, U 

s^(all asymm. LEP) = 0.23223 ± 0.00050 
s^(all asymm. LEP + SLD) = 0.23158 ± 0.00045 

Y[ = 83.98 ±0.18 MeV 

M w ± 



M z o 



0.8814 ±0.0021 



Loop-Effects 

Concerning loop effects, I follow the 1988 stategy of Gounaris and myself, "to isolate and 
to test directly the "new physics" of boson loops and other new phenomena by comparing 
with and looking for deviations from the predictions of the dominant-fermion-loop results" [ 
U, i.e., let us discriminate between fermion-loop vacuum-polarization contributions to photon 
propagation as well as Z° and W ± propagation on the one hand and boson-loop effects on the 
other hand. The reason for such a distinction is in fact obvious: the fermion-loop effects can be 
precisely predicted from the known couplings of the leptons and (light) quarks, while the other 
loop effects, e.g. vacuum-polarization involving boson pairs and vertex corrections, depend on 
empirically unknown couplings among the vector bosons (including the Higgs scalar boson in 
the case of bosonic vacuum-polarization diagrams). In fact, it is the difference between the 



fermion-loop results and the full one-loop results which sets the scale for the precision needed 
for tests of the theory of electroweak interactions beyond (trivial) fermion-loop effects. One 
should remind oneself that the experimentally unknown bosonic interaction properties are right 
at the heart of renormalizability of the electroweak theory. The necessary precision for such 
tests of the theory beyond the leading fermionic contributions has only been reached by the 
data presented this year (Moriond '94 [ || and Glasgow conference [ ||) 

In our analysis [ ||, we restrict ourselves to the leptonic observables. The extension to 
hadronic decays is formulated in [ || . 

In figs. 1 to 3 from [El], we show the above-mentioned experimental data compared with 
various theoretical predictions: 

i) The a(M§) tree-level prediction, which is obtained by taking into account the change in 
the electromagnetic coupling due to leptons and quarks between the low energy scale of 
ct(0) and the scale Mf by the replacement [ ^ 

a(O)" 1 -> a(Ml)- 1 = 128.87 ± 0.12 

in the tree-level formulae. It is represented by the isolated point in figs. 1 to 3. 

ii) The fermion-loop prediction, which takes into account the quark- and lepton-loop contri- 
butions not only to the photon propagator but also to the Z° and the propagator (the 
latter one entering the theoretical predictions via and the top-quark loop). In figs. 1 
to 3 the result is indicated by the lines with square insertions, marking the assumed mass 
of the top quark. 

iii) The full one- loop standard model result, which includes all effects due to vacuum polariza- 
tion, vertex- and box contributions and consequently depends on trilinear and quadrilinear 
couplings of the bosons among each other and the mass, ma, of the Higgs boson. 

We conclude that 

• contributions beyond the a(M§) tree-level prediction, i.e., electroweak corrections (in 
addition to the purely electromagnetic ones entering the running of a(0) to a(M|)) are 
surely needed (a point also stressed by Okun and collaborators [ §[), 

• contributions beyond the full fermion-loop results are necessary, 

• there is agreement with the full one-loop result of the 577(2) x U (1) theory which provides 
bosonic loop corrections in addition to the fermion loops. 

The question immediately arises what can be said about the nature of the bosonic loops 
which lead to the final agreement between theory and experiment in figs. 1 to 3. 

Effective Lagrangian, Ax, Ay, e Parameters 

This question can best be answered by an analysis in terms of the parameters Ax, Ay and 
e which within the framework of an effective Lagrangian [ |5| specify various possible sources of 
SU(2) violation. The parameter x is related to SU(2) violation in the triplet of charged and 
neutral (unmixed) vector boson via 



M^± = (1 + Ax)M^ = <o, 



while Ay specifies SU (2) violation among the W ± and W° couplings to fermions, 



g 2 w± (0) = M^V^G, = (1 + Ay)g 2 w0 (M 2 z ) = yg 2 w0 . 

Finally, the parameter e refers to a mixing strength, when formulating the theory in terms of 
current mixing a la Hung Sakurai [ |9[ , 



g w o[M z ) 

Describing electroweak interactions of leptons at the Z° in terms of the mentioned effective 
Lagrangian incorporating the three possible sources of SU(2) violation, one predicts for the 
observables s^y, M w ± and Ti, 

na(M 2 ) y 



Sw(l - Syy) = ~ '— -(1 ~ e 
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For x = y = 1 (i.e., Ax = Ay = 0) and e = one recovers the a(M z ) tree-level results 
mentioned previously. For later usage, we introduce the mixing angle Sq via 

° { So) -V2G,M 2 z 

By inverting the above relations, Ax, Ay and e may now be deduced from the experimental 
data on Syy, Ti and M w ±. On the other hand, Ax, Ay and e may be theoretically determined 
in the standard electroweak theory at the one-loop level, always strictly discriminating between 
pure fermion-loop predictions and the rest which contains the unknown bosonic couplings. The 
striking results of such an analysis are shown in figs. 4, 5, 6. 

According to fig. 4, the data in the (e, Ax) plane are well described if Ax and e are 
approximated by their fermion-loop values, 

Ax = Ax ferm (a(M|), sl,m 2 ) + Ax bos (a(M|), si, \nm 2 H ) 
= Ax fcrm (a(M|),So,m t 2 ), 
e = ei evm (a(M z ),s 2 ,m 2 ) + e bos (a(M|), sg, \nm 2 H ) 
e lcim (a(M 2 z ),s 2 ,m 2 ). 

The logarithmic dependence on the Higgs mass, mu, and the small contributions of Axbos and 
ebos imply the well-known result that the data are very insensitive to the mass of the Higgs 
scalar. Values between 60 GeV and more than 1 TeV can easily be accomodated [ |I~0|j . 

In contrast, a striking effect appears in figs. 5 and 6. The theoretical predictions are clearly 
inconsistent with the data, unless the fermion-loop contributions to Ay (denoted by lines with 



small squares in figs. 4 to 6) are supplemented by an additional term, which in the standard 
electroweak theory contains bosonic effects, 

Ay = Ay fcim {a{M 2 z ),s 2 ,lnm t ) + Ay hos {a{M 2 z ),s 2 ). 

Remembering that Ay by definition relates the W ± coupling measured in // ± decay to the 
(unmixed) Z° coupling, 

g 2 w± (0) = (l + Ay)g 2 w0 (M 2 z ), 

it is not surprising that Ay^ os contains vertex and box corrections originating from /x ± decay as 
well as vertex corrections at the Z°ff vertex. While Ay^ os obviously depends on the trilinear 
couplings among the vector bosons, it is independent of the Higgs mass, tuh- (Note that Ay {eTra 
and Ay hos are separately unique and gauge-invariant quantities in the £77(2) x £7(1) theory.) 

In conclusion, the experimental data have become accurate enough to be sensitive to loop 
effects which are independent of niu but depend on the self-interactions of the vector bosons, in 
particular on the trilinear couplings entering the W ff and Z°ff vertex corrections. 



Electroweak Interactions in Higgs-less Massive Vector Boson Theory. 

As the experimental results for Ax and e are well represented by neglecting all effects with 
the exception of fermion loops, and as the bosonic contribution to Ay which is seen in the data 
is independent of m H , the question as to the role of the Higgs mass and the concept of the 
Higgs mechanism with respect to precision tests immediately arises. 

More specifically, one may ask the question whether the experimental results, i.e. Ax, Ay, e, 
can be predicted even without the very concept of the Higgs mechanism. 

In [ |llj we start from the well-known fact that the standard electroweak theory without Higgs 
particle can credibly be reconstructed within the framework of a massive vector-boson theory 
with the most general mass mixing term which preserves electromagnetic gauge invariance. This 
theory is then cast into a form which is invariant under local SU(2) x £7(1) transformations by 
introducing three auxiliary scalar fields a la Stueckelberg. As a consequence, loop calculations 
may be carried out in an arbitrary gauge. 

Explicit loop calculations show that indeed the Higgs-less observable Ay, evaluated in the 
massive vector-boson theory (MVB), coincides with Ay evaluated in the standard electroweak 
theory, i.e. in particular for the bosonic part, we have[] 

Ay b M y B = A^ s M -. 

As for Axbos and ebos, one finds that the massive- vector-boson theory and the standard model 
differ by the replacement lnm# InA , where A denotes an ultraviolet cut-off. For A < 1 
TeV, accordingly, 

A T MVB ~ A T MVB _ A ™St.M. 

— AAX ferm — aX ferm , 

MVB ^ MVB _ St.M. 

fc ferm fcrm " 

In conclusion, the massive- vector-boson theory can indeed be evaluated at one-loop level at 
the expense of introducing a logarithmic cut-off, A. This cut-off only affects Ax and e, whose 
bosonic contributions cannot be resolved experimentally. 



1 Actually, in the standard theory there is an additional term which depends on the Higgs mass like 
and is irrelevant numerically for mu > 130 GeV. 



The quantity Ay, whose bosonic contributions are essential for agreement with experiment, 
is independent of the Higgs mechanism. It depends on the trilinear couplings of the vector 
bosons among each other, which enter the vertex corrections at the W ± and Z° vertices. 
Even though the data cannot discriminate between the massive vector-boson theory and the 
standard model with Higgs scalar, the Higgs mechanism yields nevertheless the only known 
simple physical realization of the cut-off A (by run) which guarantees renormalizability. 

Conclusions 

• The analysis of the Z° data and the W ± mass in terms of an effective Lagrangian with 
SU(2) beaking via Ax, Ay and e yields for these parameters values which are of the 
order of magnitude of radiative corrections. This in itself consitutes a major triumph of 
the SU{2) L x U(1)y symmetry principle which is at the root of present-day electroweak 
theory. 

• The data have reached such a high precision that contributions to the parameter Ay are 
needed beyond the ones induced by (vacuum polarization) fermion loops to the photon, 
Z° and W ± propagators. These contributions are connected with vertex corrections at the 
W ± ff and Z°ff vertices which contain truely non-Abelian (trilinear) couplings among 
the vector bosons. 

• The parameters Ax and e, consistently reproduce the data (for m t ~ 175 GeV), if ap- 
proximated by fermion loops, Ax = Axf erm and e ~ ef crm . 

• The data by themselves do not discriminate a massive-vector-boson theory from the 
standard theory based on the Higgs mechanism. The issue of mass generation will remain 
open until the Higgs scalar will be found - or something else? 
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Figs. 1,2,3: The experimental data on 

(M W /M Z) compared with the- 

ory. 
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Figs. 4,5,6: The experimental data on 
Ax, Ay, e compared with theory. 



